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Abstract
The Objective: The present study aimed to evaluate the presence of periodontal pathogens P.
gingivalis, F. nucleatum, and F. alocis in gingival biopsies of patients with health, periodontitis,
or peri-implantitis.
Background: P. gingivalis, F. nucleatum, and F. alocis are periodontal pathogens implicated in
diseases of the periodontium and peri-implant tissue. Purinergic signaling is a complex network
of small molecular messengers and receptors that elicit agonistic/antagonistic actions on the
immune response during infection. P. gingivalis secretes an effector molecule, nucleosidediphosphate-kinase (Ndk), which has been shown to impact the host purinergic signaling
cascade to facilitate chronic infection.
Materials and Methods: An observational cross-sectional study was conducted on patients
diagnosed with periodontal health, chronic periodontitis, and peri-implantitis that needed
dental surgical treatment. Gingival tissue biopsy specimens were collected at the time of dental
surgery. Immunofluorescence was conducted to observe the presence and localization of target
bacteria, comparing healthy, periodontitis, and peri-implantitis patients. Immunohistochemical
analysis was completed to detect and observe P. gingivalis Ndk expression in gingival biopsies.
Results: 35 gingival/mucosal biopsies were gathered from 28 patients: seven healthy, ten
periodontitis, and ten peri-implantitis. Immunofluorescence imaging showed presence of all
three species in periodontitis and peri-implantitis patient samples. All three species appear to
accumulate pre-dominantly in the basal layer of the epithelium, however bacteria were also
detected in deeper tissue layers. P. gingivalis Ndk was observed more intensely in periodontitis
and peri-implantitis samples.
Conclusion: P. gingivalis, F. nucleatum, and F. alocis were found in tissue samples of
periodontitis and peri-implantitis patients. This is the first time F. alocis has been reported to be
microscopically observed in human gingival tissue. P. gingivalis Ndk was also observed in tissue
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from periodontitis and peri-implantitis groups, suggesting it may play a role in periodontal and
peri-implant disease processes.
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1 Introduction
Periodontal diseases involve the loss of the supporting structures of the teeth, namely
disruption of connective tissue attachment and destruction of alveolar bone, resulting in tooth
loss. Not only is the oral cavity affected, but periodontal diseases may also contribute to
systemic inflammation1. Bacterial pathogens, environmental exposure to harmful agents,
genetics, and the response of the host immune system have all been suggested to play a role in
its development2.
Within the soft tissue lining of the sulcus around the tooth, the sulcular and junctional
epithelium play a critical role as a barrier to the external oral environment. Despite the highly
organized nature of the sulcular and junctional epithelium, pathogenic oral bacteria have been
shown to influence this epithelial barrier and invade host tissues3. Much like a tooth, a dental
implant has a well-organized soft tissue apparatus extending from the alveolar crest to the
mucosal margin beneath the dental restoration4,5. Furthermore, dental implants can also be
susceptible to the same periodontal pathogens that teeth are, resulting in bone loss and
potential loss of the dental implant itself6,7.
Opportunistic oral bacteria, such as Porphyromonas gingivalis and Fusobacterium
nucleatum, have been thoroughly studied due to their high invasive potential and association
with periodontal diseases8-12. In the oral cavity, initial colonizing bacteria are relatively
innocuous, but provide metabolic and structural support for other more pathogenic species. F.
nucleatum is an important bridging organism that adheres to initial colonizers and acts to
support more pathogenic species13,14. Current thoughts on periodontal biofilm maturation
suggest that as the biofilm becomes more populated with increasingly pathogenic species, the
host response is unable to maintain its effectiveness. While the biofilm matures, the immune
system increases its efforts to neutralize these threats. Despite this, eventually the ‘dysbiosis’
that results from an ever-increasing immune response allows for species such as P. gingivalis to
thrive15. There is abundant evidence to suggest that P. gingivalis is one of the most important
contributors to periodontal disease, resulting in it being dubbed a ‘keystone pathogen’16.
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P. gingivalis possesses numerous virulence factors that allow it to colonize and persist in
oral tissues and modulate the host response. One such virulence factor of P. gingivalis is
nucleoside-diphosphate-kinase (Ndk). Ndk interferes with purinergic signaling, an important
pathway in several homeostatic and immune processes, via cleavage of extracellular adenosine
triphosphate (eATP)17-21. As a result of this signaling modulation, P. gingivalis utilizes Ndk to
subvert the host response to microbial invasion. This is accomplished by diminishing reactiveoxygen-species (ROS) production via blockage of eATP-mediated signaling, preventing proinflammatory cytokine IL-1B production and release, inhibiting of host cell death, and activating
of anti-inflammatory adenosine receptors. Interestingly, recent evidence in our laboratory has
shown secretion of Ndk into the extracellular environment from intracellular P. gingivalis,
allowing direct and indirect manipulation of the host immune response22. Based upon this
evidence, P. gingivalis Ndk appears to be an important virulence factor for establishment of
infection.
Filifactor alocis has recently emerged onto the scene of oral microbiology. This organism
is of particular interest because it has been found to be at higher levels in periodontitis and
peri-implantitis patients and its role in disease is not well understood23-25 It appears this Grampositive rod has the ability to enhance the virulence potential of more classic periodontal
pathogens, such as P. gingivalis, and it also has the ability to diminish the effectiveness of
neutrophil extracellular traps, an important component of the immune response to oral
bacteria26-28. Therefore, it is critically important that further attempts are made to better
understand the role(s) of F. alocis in diseases of the periodontium.
Contemporary studies of the periodontal biofilm typically rely on bacterial plaque,
saliva, or gingival crevicular fluid samples to study the composition of the biofilm. To date,
there have been limited histological studies demonstrating the localization of periodontal
pathogens within gingiva and peri-implant mucosa. Furthermore, no clinical studies of P.
gingivalis Ndk have been conducted. Comparative studies of patients with periodontal health,
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periodontitis, and peri-implantitis could be useful to better understand the spatial distribution
of periodontal pathogens within the periodontal soft tissues.
Thus, the objectives of our study were to observe the localization of F. nucleatum, P.
gingivalis, and F. alocis and to detect P. gingivalis Ndk within gingival tissue biopsies of patients
with periodontal health, periodontitis, and peri-implantitis.
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2 Material and methods
2.1 Subject recruitment
The human study protocol and consent forms were approved by the Medical University of
South Carolina (MUSC) Institutional Review Board. After obtaining informed consent, patients
in the MUSC College of Dental Medicine Graduate Periodontics clinic were given an oral
examination. Based on the results of the examination the patients’ periodontal status was
reviewed and the participants were given diagnoses based on the guidelines of the American
Academy of Periodontology29. Participants were grouped into healthy, periodontal disease, and
peri-implantitis cohorts by the primary investigator.
Patients diagnosed with aggressive periodontitis, self-reporting smokers, pregnant women, a
history of taking systemic or local antibiotics within the previous 3 months, and patients that
had received scaling and root planing or surgical periodontal therapy within the previous 12
months were excluded from the study. Patients with dental implants recruited into the periimplantitis patient pool were required to have had at least 12 months pass since placement of
the final restoration.
2.2 Patient demographic information
The average age of enrolled patients was 65.2 years old and 15 females and 13 males agreed to
participate. There were 21 Caucasians, 6 African Americans, and 1 Asian American in the study.
The average BMI was calculated for each group. Healthy, periodontal disease, and periimplantitis cohorts had BMIs of 29.4, 27.6, and 28.7, respectively. The average probing pocket
depths for health, periodontal disease, and peri-implantitis biopsy specimen sites were 2.3mm,
7.4, and 7.1mm, respectively.
2.3 Gingival biopsy specimen collection
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Following the oral examination, patients in the healthy group were treatment planned for
dental implant placement in an edentulous space and the soft tissue attached to an adjacent
tooth was selected for specimen collection. For periodontal disease patients, the worst probing
depths in each quadrant were selected for specimen collection at future periodontal surgical
appointment(s). Patients in the peri-implantitis cohort were treatment planned for
regenerative or resective procedures, and during the planned procedures biopsies of periimplant mucosa were excised.
At the surgical appointments, local anesthesia was achieved prior to specimen harvesting.
Whole gingival and mucosal biopsy specimens were collected and immersed in 20% neutral
buffered formalin. After fixation, the tissue specimens were embedded in paraffin and
sectioned. Cuts of specimens were stained with hematoxylin and eosin for gross viewing of
tissue.
2.3 Immunohistochemistry
The first specimens collected from the periodontal disease and peri-implantitis cohorts were
selected for immunohistochemical analyses to observe the presence of P. gingivalis Ndk. Tissue
sections were deparaffinized according to the following protocol. Sections were heated for
30min at 60C and immediately immersed in a solution of 100% xylene (Fisher Scientific) for 10
minutes. Following 20 dips in a second 100% xylene solution, the specimens were transferred
to a 100% ethanol (Fisher Scientific) solution and dipped 20 times. 20 dips each were
performed subsequently for solutions of 95% and 70% ethanol before a 5min wash was
performed in PBS (Sigma). Endogenous peroxidase activity was quenched by immersing the
slides in a 3% H2O2 solution for 10 minutes. The specimens were transferred to a 15mM citrate
buffer solution for antigen retrieval and placed into a pressure cooker on the low setting for 10
minutes. After the specimens were allowed to cool in the citrate buffer, they were transferred
to wells containing qwater (Fisher Scientific) for 5 minutes. The slides were allowed to air dry
prior to antibody staining.
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The specimens were incubated with 1:20 mouse anti-P. gingivalis Ndk monoclonal
antibodies in PBS overnight at 4C. Control specimens were incubated with PBS. After staining
with primary antibody and a brief PBS wash, secondary antibody staining was completed using
1:250 HRP-conjugated goat anti-mouse antibodies for 1h for test and control specimens.
Chromogenic reaction staining was completed using a 3,3’-Diaminobenzidine (DAB) kit (Abcam)
according to manufacturer specifications. Specimens were washed in PBS at RT for 5 minutes
before undergoing dehydration steps. Briefly, the above outlined deparaffinization and
hydration steps were reversed, with the final incubation with a fresh xylene solution to avoid
paraffin fragments. Slides were air dried, coverslips were mounted, and imaging was completed
the following day. Images were captured using a Zeiss Axio Imager A1 microscope.
2.4 Epifluorescence and confocal laser scanning microscopy
Tissue sections were deparaffinized according to the same protocol as described for
immunohistochemistry methods above. Following deparaffinization, specimens were
transferred to a 15mM citrate buffer solution for antigen retrieval and placed into a pressure
cooker on the low setting for 10 minutes. After the specimens were allowed to cool in the
citrate buffer, they were transferred to wells containing qwater (Fisher Scientific) for 5 minutes.
The slides were allowed to air dry prior to antibody staining.
For single species staining, the specimens were incubated with 1:500 rabbit anti-P.
gingivalis, 1:500 rabbit anti-F. nucleatum, or 1:500 rabbit anti-F. alocis in PBS for 24h overnight
at 4C. Control specimens were incubated in PBS. After staining with primary antibody,
specimens were briefly washed with PBS and secondary antibody staining was completed using
1:500 Alexa Fluor-488-conjugated goat anti-rabbit antibody in PBS for 1h at room temperature.
1:500 Alexa Fluor-594 phalloidin staining was completed for 10min at room temperature and
then specimens were washed in PBS for 5min. Subsequently, 1:500 4ʹ,6-diamidino-2phenylindole (DAPI) was used to stain for nuclear material for 5min at RT. Specimens were then
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washed in PBS at room temperature for 5min before undergoing dehydration steps. Briefly, the
above outlined deparaffinization and hydration steps were reversed, with the final incubation
with a fresh xylene solution to avoid paraffin fragments. Slides were air dried, coverslips were
mounted, and imaging was completed the following day.
For staining of multiple species, the specimens were incubated with 1:250 mouse anti-P.
gingivalis and either 1:250 rabbit anti-F. nucleatum or 1:250 rabbit anti-F. alocis in PBS for 24h
overnight at 4C. Control specimens were incubated in either 1:250 mouse anti-P. gingivalis in
PBS or vehicle only. After staining with primary antibody, specimens were briefly washed with
PBS and secondary antibody staining was completed using 1:250 Alexa Fluor-488-conjugated
goat anti-rabbit antibody in PBS and 1:250 Alexa Fluor-568-conjugated goat anti-mouse
antibody in PBS for 1h at room temperature. Subsequently, 1:500 DAPI was used to stain for
nuclear material at RT. Specimens were then washed in PBS at room temperature for 5min
before undergoing dehydration steps. Briefly, the above outlined deparaffinization and
hydration steps were reversed, with the final incubation with a fresh xylene solution to avoid
paraffin fragments. Slides were air dried, coverslips were mounted, and imaging was completed
the following day. Epifluorescent images were captured using a Zeiss Axio Imager A1
microscope and confocal laser scanning microscope images were captured using a Zeiss 880
LSM NLO with Airyscan Super-resolution Detector microscope.
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3 Results
3.1 Immunohistochemistry
Figure 1 shows gingival biopsy specimens that have been stained with mouse anti-P. gingivalis
Ndk via immunohistochemistry. Figure 1A is a tissue section from a patient diagnosed with
generalized chronic periodontitis. Intact epithelium and underlying connective tissue can be
observed. Brown coloration is indicative of positive staining of P. gingivalis Ndk. Deeper staining
is noted beginning at the stratum basale layer of the epithelium and extending into deeper
connective tissue layers. Figure 1B is a tissue section from a patient diagnosed with periimplantitis. Intact epithelium and underlying connective tissue can be observed. Brown
coloration is indicative of positive staining of P. gingivalis Ndk. Deeper staining is noted in the
more superficial layers of the epithelium, though some staining does extend into the stratum
basale layer and the subadjacent connective tissue layer. Figure 1C is a section of granulation
tissue from the same patient in Figure 1B. The highly disorganized nature of the specimen is
noted. Brown coloration is indicative of positive staining of P. gingivalis Ndk. Staining is noted in
a scattered pattern throughout the specimen.
3.2 Confocal laser scanning microscopy
Figure 2 shows a gingival biopsy specimen from a patient diagnosed with generalized severe
chronic periodontitis. The image is presented with the superficial layers of epithelium at the top
left corner and the lower right corner is stratum basale and connective tissue. Figure 2A is a
tissue section that has been stained with DAPI (blue). Figure 2B is the same section stained for
the presence of P. gingivalis. Green punctate markings demonstrate a positive reaction for P.
gingivalis. Figure 2C is a merged image of DAPI and P. gingivalis staining. Note the heavier
amounts of bacteria in the deeper tissue levels and colocalization of bacteria with the nuclei of
several cells.
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Figure 3 shows a gingival biopsy specimen from a patient diagnosed with generalized severe
chronic periodontitis. The images are presented with the superficial layers of epithelium at the
top border and the lower border is stratum basale and connective tissue. Figure 3A is a tissue
section that has been stained withDAPI (blue). Figure 3B is the same section stained for the
presence of F. nucleatum. Green punctate markings demonstrate a positive reaction for F.
nucleatum. Figure 3C is a merged image of DAPI and F. nucleatum staining. Note the bacteria
appear to be uniformly distributed throughout the tissue specimen and there are some bacteria
in close proximity to the cellular nuclei.
Figure 4 shows a gingival biopsy specimen from a patient diagnosed with generalized severe
chronic periodontitis. The images are presented with the superficial layers of epithelium at the
top left border and the lower right border is stratum basale and connective tissue. Figure 4A is a
tissue section that has been stained with DAPI (blue). Figure 4B is the same section stained for
the presence of F. alocis. Green punctate markings demonstrate a positive reaction for F. alocis.
Figure 4C is a merged image of DAPI and F. alocis staining. Note the bacteria appear to be
predominantly in the deeper tissue levels and heavy accumulations can be seen around the
cellular nuclei.
Figure 5 shows a mucosal biopsy specimen from a patient diagnosed with peri-implantitis. The
images are presented with the superficial layers of epithelium at the top border and deeper
layers including stratum basale at the bottom border. Figure 5A is a tissue section that has been
stained with DAPI (blue). Figure 5B is the same section stained for the presence of actin
cytoskeleton (red). Figure 5C is the same section stained for the presence of P. gingivalis
(green). Figure 5D is a merged image of all three stainings. Green punctate markings signify a
positive reaction for P. gingivalis. Note the heavy accumulation of bacteria in the deeper layers
of epithelium and close proximity to the cellular nuclei.
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Figure 1. Gingival biopsy specimens stained via immunohistochemistry for the presence of P.
gingivalis Ndk observed using light microscope (20X). P. gingivalis Ndk was detected via use of
1:20 mouse anti-Ndk primary antibody and 1:250 HRP-conjugated goat anti-mouse secondary
antibody. (A) Gingival biopsy from a periodontitis patient. (B) Mucosal biopsy from a periimplantitis patient showing intact surface epithelium and underlying connective tissue. (C)
Mucosal biopsy from a peri-implantitis patient showing disorganized granulation tissue.
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Figure 2. Gingival biopsy specimen stained for P. gingivalis detection using 1:500 rabbit anti-P.
gingivalis primary antibody and 1:500 Alexa Fluor-488-conjugated goat anti-rabbit secondary
antibody. 1:500 DAPI staining was completed to visualize cellular DNA. Images were captured
using confocal laser scanning microscopy. (A) DAPI (blue). (B) P. gingivalis (green). (C) Merged
image.
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Figure 3. Gingival biopsy specimen stained for F. nucleatum detection using 1:500 rabbit anti-F.
nucleatum primary antibody and 1:500 Alexa Fluor-488-conjugated goat anti-rabbit secondary
antibody. 1:500 DAPI staining was completed to visualize cellular DNA. Images were captured
using confocal laser scanning microscopy. (A) DAPI (blue). (B) F. nucleatum (green). (C) Merged
image.
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Figure 4. Gingival biopsy specimen stained for F. alocis detection using 1:500 rabbit anti-F.
alocis primary antibody and 1:500 Alexa Fluor-488-conjugated goat anti-rabbit secondary
antibody. 1:500 DAPI staining was completed to visualize cellular DNA. Images were captured
using confocal laser scanning microscopy. (A) DAPI (blue). (B) F. alocis (green). (C) Merged
image.
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Figure 5. Mucosal biopsy specimen from a patient diagnosed with peri-implantitis stained for
the presence of P. gingivalis. (A) Nuclear material (blue). (B) Actin (red). (C) P. gingivalis (green).
(D) Merged image.
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3.3 Epifluorescence microscopy
Figure 6 shows a gingival biopsy specimen from a patient diagnosed with generalized severe
chronic periodontitis double stained for the presence of P. gingivalis and F. alocis. The image is
presented with the entrance to the sulcus on the left side of the image and connective tissue
attachment on the right side. Furthermore, the superficial epithelial layers are at the top of the
tissue section and the deeper layers and connective tissue are located at the bottom border.
The image was merged using the same view and different fluorescent filters. P. gingivalis
(green), F. alocis (red), and nuclear material stained with DAPI (blue) are all visible in Figure 6.
The yellow coloration is due to co-localization of P. gingivalis and F. alocis in the field of view.
Note the deep yellow staining and accumulation of the bacteria around the cellular nuclei.
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Figure 6. Gingival biopsy specimen stained with anti-P. gingivalis and anti-F. alocis antibodies
and observed using epifluorescence microscopy (20X). Nuclear material (blue), P. gingivalis
(green), and F. alocis (red) are shown.
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4 Discussion
This study reports observations of P. gingivalis, F. nucleatum, and F. alocis in biopsy specimens
of chronic periodontitis and peri-implantitis patients. In vitro studies completed in our
laboratory demonstrate the importance of P. gingivalis Ndk for bacterial survival and host
immune response suppression17-22. In this report, we show immunohistochemistry data that
suggests P. gingivalis Ndk is present in gingival and mucosal biopsy samples from patients
diagnosed with chronic periodontitis and peri-implantitis, respectively. Future attempts to
quantify the abundance of this effector molecule and other host cell receptors associated with
purinergic signaling is warranted. In fact, our laboratory has found preliminary evidence
suggesting differential expression of purinergic signaling-related receptors in patients
diagnosed with periodontal health and chronic periodontitis (data not shown). Thus, it is
reasonable to presume that histological samples from clinical cases of chronic periodontitis or
peri-implantitis could be yield very interesting study results.
Spatial distribution of bacteria within gingival tissue is of interest and importance because
significant effort is carried out by periodontists and other oral health care professionals to
remove periodontal pathogens and the sub-gingival biofilm in order to limit effects of
periodontal diseases. Our laboratory has published numerous in vitro studies demonstrating
the peri-nuclear localization of intracellular P. gingivalis18,19,22. We hypothesize that this is
important to allow for the bacteria to persist in a nutrient-rich area within host cells. In the
present study it appears that many of the bacteria are in close proximity to the nuclei of host
cells in the epithelium and connective tissue. We constructed 3D renderings in order to
determine if this were the case, however the slices of the tissue were <10um thick, thus
insufficient z-stacks could be compressed to yield a useful image (data not shown). In order to
overcome this shortcoming, we will be conducting further tests to use entire tissue blocks for
3D image reconstruction.
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Epifluorescence and confocal laser scanning microscopy were used here to demonstrate
for the first time the presence of F. alocis in clinical gingival biopsies from patients. In vitro
studies of F. alocis are becoming more widely reported. To date, however, the only in vivo study
published involves fluorescence in-situ hybridization examination of F. alocis in the context of
biofilm structure and diversity30. There are also limited in vivo or clinical reports of P. gingivalis
and F. nucleatum observed in patient tissues31-38. One recent article shows a large increase in
the abundance of P. gingivalis in biopsy specimens of patients diagnosed with oral squamous
cell carcinoma31. Recent reports demonstrate that not only is the normal physiological
architecture of gingival tissues disorganized by P. gingivalis and F. nucleatum, but that these
organisms also possess the capability to form complex biofilm structures directly within the
tissues32,33. Interestingly we present here in Figure 6 a close association of P. gingivalis and F.
alocis within the periodontal pocket tissues adjacent to an affected tooth. It seems reasonable
to assume that F. alocis likely participates with other periodontal pathogens, including F.
nucleatum, in order to establish chronic niduses of infection in periodontitis. Further studies
will need to be completed and a more thorough examination of our own clinical samples is
already underway to help answer these questions.
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